INTRODUCTION
In laparoscopic surgery, or minimally invasive surgery (MIS) in general, the lack of direct manual contact between the tissue and the surgeon's fingers reduces the quality of force feedback on the surgeon's interactions with the tissue (Den Boer, Herder, Sjoerdsma, Meijer, Gouma, & Stassen, 1999) . Surgeons must be aware of how hard they press on or stretch delicate tissue to keep damage at a minimum. With experience, MIS surgeons have learned to compensate, to a limited extent, for reduced kinesthetic and tactile feedback by relying primarily on visual cues. However, data in the literature indicate that injury to the bile ducts during cholecystectomy occurs at a rate that is three times higher in laparoscopic surgery (0.3%) than in open surgery (0.1%) (Archer, Brown, Smith, Branum, & Hunter, 2001; Strasberg, Hertl, & Soper, 1995; Traverso, 1999) .
Previous studies have shown that the lack of haptic feedback in MIS is attributable largely to the instrumentation. The laparoscopic instruments are inserted into the body cavity through trocars, which contain rubber seals that fit tightly around the instruments to maintain gas pressure within the body cavity. The friction forces generated when surgical instruments rub against the rubber seal of trocars are detrimental to the utility of force feedback, especially during rapid tool movements (Dubois, Thommen, Jambon, 2002; Lamata et al, 2006; Picod, Jambon, Vinatier, & Dubois, 2005; van den Dobbelsteen, Schooleman, & Dankelman, 2006) . The friction forces are also dependent on the type of trocar, the movement velocity, and the movement direction.
For a surgeon to get useful force information from the surgical site during probing and dissecting, he or she must be able to accurately differentiate between seal friction and tissue contact. This is difficult since the contact forces between tool and tissue are on the same order of magnitude as the amount of friction in the system (~3.6N; Picod et al, 2005; Rosen, Hannaford, MacFarlane, & Sinanan, 1999) , necessitating the surgeon to press harder in order to perceive a difference in tissue resistance above the level of the friction force (i.e., greater just-noticeable-difference; Boff, & Lincoln, 1988) . Our previous study (Perrault, & Cao, 2006) confirmed that in tissue probing and differentiation tasks, higher threshold, longer detection time, and more errors were observed when force feedback from tissue was masked by the trocar friction. However, in that study, the subjects were all novices. It is not known whether experience in laparoscopic surgery affects the force perception threshold and detection time.
There is evidence to suggest that the performance of experienced surgeons is superior to that of interns when identifying shapes and determining consistency (Bholat, Haluck, Murray, Gorman, & Krummel, 1999) . Although it is true that experienced surgeons may have learned to overcome the effects of friction in laparoscopic surgery, these tactics employ the visual system to sense haptic information, two independent modalities with separate processing areas in working memory. Therefore, we hypothesized that experience would improve surgeons' performance in tissue contact detection when visual feedback is available, but that pure haptic perception threshold (without visual feedback) would be similar to novices. A controlled experiment was conducted to test the hypotheses, using simple probing tasks in a psychophysical paradigm. Force perception threshold was defined as the minimum force a participant applied to tissues to perceive contact (applied force). Force application efficiency was defined as the inverse of the amount of time from making physical contact to when the participant perceives contact (contact time).
MATERIALS AND METHODS

Participants
Fourteen participants of varied surgical experience levels participated in this study. The eight novices were undergraduate students at Tufts University, while the six experts were surgical residents (2 PGY1s, 2 PGY2s, 1PGY4 and 1PGY5) at Tufts-New England Medical Center. All participants provided informed consent.
Simulated surgical environment
An opaque box with holes for a laparoscopic tool and a 0º-endoscope simulated the surface of the abdomen and obscured the task space as in surgery. A guide board was attached to the box, allowing for removal and addition of the surgical trocar in different test conditions (see Figure 1) . A 5-mm diameter US Surgical AutoSuture Endo Clinch II grasper in closed position and a 5/12-mm Origin convertible port set at 5mm were used. The trocar was removed in the non-friction condition. A video monitor was placed in front of the subject and was turned ON for visual conditions and OFF for nonvisual conditions.
Homogeneous silicone gels (GE Silicones) were used to simulate organic tissue. The gel was placed at a predefined location on a cantilever force-sensor and was obscured from sight within the box during testing. 
Data acquisition
A custom-built strain-gauge force-sensing device with accuracy of ±.003 N was constructed to record force as a function of time. The force sensor was embedded in the cantilever bridge on which the gels were placed. Data were sampled at 100Hz, processed by a data acquisition card, and displayed in LabView.
Experimental design
A 2 Vision × 2 Friction × 3 Softness × 2 Experience mixed design was used. Each participant completed 10 trials per condition for a total of 120 trials each. The order of tissue presentation was randomized, and the order of vision and friction conditions was counterbalanced.
Participants were given three practice trials at the beginning of each new condition. The task was to make contact with the tissue until contact was perceived, using as little force as possible and minimizing the time in contact with the sample. A single simulated tissue sample was presented during each trial. The height of the sample in the box was altered by a random amount between trials to prevent participants from relying on their memory of sample position. A short break was given between conditions. Maximum applied force and contact time were recorded. Contact time was defined as the elapsed time from initial contact until final withdrawal began.
Analysis
Analysis of variance was performed using an alpha value of 0.05. Preplanned paired sample ttests were performed on individual pairs of means in the four Vision×Friction conditions, and between experience levels. In this paper, we discuss the results on force application, detection efficiency as a function of experience and effects of gel softness.
RESULTS
Applied force
There were significant main effects for vision (F(1,138) = 143.0, p<0.001), friction (F(1,138) = 134.2, p<0.001), softness (F(2,276) = 39.4, p<0.001), and experience (F(1,138) = 108.5, p<0.001) (see Figure 2) .
There was a significant interaction between vision and friction (F(1, 138) = 22.3, p<0.001), showing that when friction was present there was a larger increase in applied force in the blind conditions than in the visual conditions. There were also significant interactions between friction and experience (F(1, 138) = 12.9, p<0.001), and softness and experience (F(2, 276) = 10.1, p<0.001).
There were significant 3-way interactions among vision, friction, and experience (F(1, 138) = 11.0, p<0.001), and vision, softness, and experience (F(2, 276) = 3.5, p<0.05).
Paired sample t-tests of the vision and friction conditions across experience levels showed a significant difference between each of the four pairs of means that were considered: extreme conditions: blind-friction (BF) and vision-no friction (VNF), t (419) Participants also applied more force to harder samples (F(2,276) = 39.4, p<.001). Post-hoc analysis across experience levels showed a significant difference between hard and soft conditions (p<.001), but not between hard and medium or soft and medium conditions.
Contact time
There were significant main effects for vision (F(1, 138) = 71.6, p<.001), friction (F(1, 138) = 168.5, p<.001), softness (F(2, 276) = 87.3, p<.001), and experience, (F(1, 138) = 48.2, p<.001).
There was a significant interaction between vision and friction (F(1, 138) = 75.4, p<.001), showing that when friction was present, subjects took longer to detect contact with tissue in the blind conditions than in the visual conditions. There were also significant interactions between vision and softness (F(2, 276) = 67.6, p<.001), friction and softness (F(2, 276) = 37.8, p<.001), vision and experience (F(1, 138) = 66.6, p<.001), friction and experience (F(1, 138) = 49.0, p<.001), and softness and experience (F(2, 276) = 17.4, p<.001).
Finally, there were significant 3-way interactions among vision, friction, and experience (F(1, 138) = 45.7, p<.001), vision, softness and experience (F(2, 276) = 22.7, p<.001), friction, softness and experience (F(2, 276) = 9.4, p<.001), and vision, friction and softness (F(2, 276) = 37.2, p<.001).
There was a 4-way interaction among vision, friction, softness and experience (F(2, 276) = 33.6, p<.001). Paired-sample t-test analysis of the vision and friction conditions across the experience levels showed a significant difference between each of the four pairs of means; BF and VNF, t(419) = 12.3, p<.001, BF and BNF, t(419) = 13.0, p<.001, VF and VNF, t(419) = 8.3, p<.001, and BNF and VF, t(419) = 6.8, p<.001 (see Figure 3) . Paired sample t-test of experience showed a significant difference between novice and experienced surgeons in each of the Vision×Friction conditions. In BF, t(179) = 9.9, p<.001; in BNF, t(179) = 8.0, p<.001; in VF, t(179) = 4.4, p<.001; and in VNF, t(179) = 4.3, p<.001.
Participants took less time to detect contact with harder tissue samples. Post-hoc analysis across experience levels showed a significant difference between the soft and hard conditions (p<.001), soft and medium conditions (p<.001), but not between the hard and medium conditions.
DISCUSSION
Effects of experience in general
Experienced surgeons performed faster than novices but applied higher forces than novices when contacting tissue (3.6N), yet managed to stay within the limit of tissue damaging forces (0 .1N -10N , Picod et al, 2005) .
Other research has shown higher force/torque magnitudes were applied by novice surgeons than by experienced surgeons when performing tissue manipulation, but lower force/torque magnitudes during tissue dissection (Richards, Rosen, Hannaford, Pellegrini, & Sinanan, 2000) . Our results are consistent with these other studies if the probing task used in this study can be considered as more similar to tissue "dissection" than "manipulation".
That is, the task required participants to advance the tool until the tip was in contact with tissue, not to grasp or pull the tissue as in the other studies. The higher force application by expert surgeons during tissue dissection/probing can be explained by the fact that, having mastered the skills and acquired the strategy to overcome the perceptual limitations in minimally invasive surgery, experienced surgeons were able to apply more force quickly (i.e., more efficiently) to complete the task, without damaging the tissue.
From the perspective of information processing theory, presumably, the harder the participants probed and the more time they spent doing so, the greater the amount of information they acquired. However, the effective amount of useful information was the same in all conditions. Therefore, the combination of higher forces and shorter contact time used by experienced surgeons may be a result of efforts to maximize the rate of change in force over time, such as to increase the saliency of the signal. Furthermore, it may be that tissue damage is minimized with a shorter impulse rather than a sustained stress over time.
Effects of experience in blind and vision conditions
In general, experience surgeons applied 1.83N more force (p<.001) and made contact with tissue 0.45s shorter (p<.001) than novices in blind conditions; but they applied 1.51N more force (p<.001) and made contact with tissue only 0.1s shorter (p<.001) than novices in vision conditions. When friction was present in the blind condition, experienced surgeons applied greater force and took longer in detection, but the increases were smaller than for novices. Our results suggest that with experience and practice, subjects have learned to overcome the poor vision conditions in minimally invasive surgery to some degree.
Interestingly, and contrary to expectation, the effect of friction was more pronounced in vision conditions for experienced surgeons, whereas for novices, the effect of friction was more pronounced in blind conditions. When friction was present, experienced surgeons applied 63% more force in vision conditions and 41% more force in blind conditions. A possible explanation could be that experienced surgeons have become accustomed to using vision to process partial haptic information. (Klatzky, Lederman, & Reed, 1987) has shown that the hardness of an object was relatively slowly encoded by joint kinesthetics and visual exploration, and that visual explorers tended to perform minimal manual exploration, relying instead on visual cues. Accordingly, the availability of vision may have substantially reduced hand movements and thus severely decreased the data available in the haptic modality for the experienced surgeons.
Therefore, experience appears to affect force detection threshold in laparoscopic surgery. Compared to novices, experienced surgeons tended to apply more force but with higher efficiency to detect tissue contact.
CONCLUSION
Experience does seem to affect force detection threshold in laparoscopic surgery. Compared to novices, experienced surgeons have a higher force perception threshold than novices. However, they seem to be able to process the force information more quickly. Experience may have resulted in a greater reliance on visual information to guide their force application. Nevertheless, the applied forces are within safety limits of tissue manipulation.
